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ABSTRACT 


For the three phase power electronic and drive applications, vector control or 
the synchronous reference frame (SRF) based control concept is well 
accepted and settled amongst the research communities. Although the SRF 
concept has gained popularity and appreciation in developing the three phase 
controllers, still the concept has not reached the same level in case of a single 
phase system. The work presented in this paper is mainly concerned to 
the design of a hybrid Artificial Neural Network and Fuzzy Logic based 
controller for a single phase stand-alone photo-voltaic (PV) power system. 
The adaptive neuro fuzzy inference system (ANFIS) controller proposed in 
this paper is chiefly meant for improving the transient and steady state 
responses; for minimizing the distorting effect of the low order load current 
harmonics encountered particularly in case of switching the drive based 
inductive loads and to help maintain the inverter output voltage constant 
under different loading circumstances. The result obtained through 
simulation work, shows the effectiveness of the proposed controller as 


(SRF) 


compared with the previously established research works. 
Voltrage Source Inverter (VSI) 
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1. INTRODUCTION 

The ever increasing demand of electrical power from various newer avenues and increase intake of 
power due to the expansion policies of different existing installations have put a threat on the conventional 
fuel reserves (like fossil fuels). On the other-hand the increasing global concern over atmospheric pollution, 
followed by the governmental policies of decreasing Carbon Oxides and Nitrogen Oxides emission, have 
opened avenue for development of Distributed Generation (DG) plants based particularly on 
non-conventional sources of energy like Wind power and Solar Power. The power generation capacities of 
these DGs are limited hence these are connected usually to low voltage distribution lines. The power 
generated by the DG plants need to made fit for utilization before it 1s fed to cater the local loads in case of 
stand-alone power system or when it is connected to utility grid in case of grid connected system. Power 
electronic converters have played an important role in conditioning of power for their better utilization [1, 2]. 

In the stand-alone mode of operation, the inverters are required to maintain the voltage and 
frequency essentially constant at the consumer’s terminal so as to ensure the system stability and satisfactory 
transient performance. There are various control methodologies reported in different literatures regarding 
the inverter control, operating in stand-alone mode. These control schemes, as reported in the literatures, are 
as: the repetitive control [3-7], that deals particularly with the periodic signals and is effective in mitigating 
the waveform distortion caused by harmonics. This control technique suffers from its incapability to deal 
with the disturbances which are aperiodic in nature and besides that it also claims large memory for its 
functionality. Model predictive control (MPC) and dead beat control work on simple concept and provides 
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relatively faster transient response. For correct prediction and proper operation, the scheme requires 
an accurate converter model. The robust control (H-infinity control) technique, although capable of providing 
a good balance between system performance and stability margin, the two desirable but incompatible features 
of the system, suffers the difficulty of not being implemented on digital processors also they possess 
complexity in their design specifications [8-12]. The nonlinear controller, such as sliding mode controllers, 
possess good dynamic performance capability and can effectively prevent over-shoot in the inverter output 
voltage waveform, but it suffers from the issue of sensitivity towards the variation of the system parameters. 
Many software-algorithm based parameter estimation techniques have been developed and proposed in 
different literatures, which help in effectively reducing the measurement circuits from the hardware section 
[13, 14]. The proportional-resonant (PR) controllers proved superior in getting rid of steady state error related 
to the tracking problem of ac signals. The synchronous reference frame proportional- integral (SRFPI) 
controller has reported a widespread application where zero steady state error is desired. The scheme can be 
successfully applied to both three phase as well as single phase inverter system. The conventional control 
strategies mostly require the thorough knowledge of the system and are based on that development of 
mathematical model of the system to be controlled [15-22]. To avoid the inherent undesirable characteristics 
of conventional control approaches, fuzzy logic based control methods have been developed. A fuzzy logic 
based close loop current controller does not depend on the accurate machine parameters and neither is it 
affected by the nonlinearity present in the machine and the drive [23-24]. 

In present work, focuses in designing an adaptive neuro-fuzzy logic based synchronous reference 
frame (ANFIS-SRF) controller for controlling the PWM input to the single phase inverter which is employed 
for stand-alone PV application. The objective of the controller is to maintain the inverter output voltage 
constant, within the permissible tolerance range under different loading environment, in order to achieve 
transient and steady state stability. The system comprises of a Photovoltaic system, a dc to dc boost 
converter, a single phase voltage source inverter and different single phase domestic loads. The rule base 
prepared for the ANFIS controller is an outcome of the detailed and minute analysis of the inverter output 
voltage and current changes which are subject to different load conditions. The proposed controller is 
designed in Matlab/Simulink environment. 


2. RESEARCH METHOD 

The overall system can be broadly divided into six sections as shown in Figure 1. The first 
section comprises of a dc source which consists of a photo voltaic panel supported by ultra-capacitor bank. 
The ultra-capacitor support renders the output voltage of the PV system almost constant. The second section 
is a dc to dc step up converter with a dc link capacitor at its output terminals. The third section comprises of 
a single phase bridge inverter constructed from four insulated gate bipolar junction transistor, [GBT switches. 
An LC filter circuit is provided at the load terminals of the inverter. The fourth section comprises of 
the sinusoidal pulse width modulation SPWM generation unit which generates pulses to control the IGBTs 
and hence the inverter output. Fifth section is the Load unit where different loads are programmed to 
switched in for different interval of time in order to test the performance of the proposed system. The sixth 
section is the controller section which consists of adaptive fuzzy logic inference system, a phase locked loop 
block, an ab0 to dq0 transformation block, a dq0 to ab0 block, comparator etc. 
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Figure 1. System block representation 
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2.1. Operation of the system 

The output of the Solar PV system, is fed to a step up dc to dc converter which steps up the voltage 
and the output dc link capacitor maintains it constant. The output of the DC converter is fed to the single 
phase inverter. To make the inverter voltage sinusoidal an LC filter is connected in between the inverter 
output and the load terminals. The load section is comprised of both linear and non-linear loads which are 
switched into the system at the appropriate interval of time. 

As shown in the Figure 2 four IGBTs are connected in bridge topology to form the inverter circuit, 
Lr and Cr are the filter components. The load terminal voltage at the point of common coupling is measured 
and, with proper processing, fed to the ab0 to dq0 converter, the Va (direct axis component) so obtained is 
compared with the reference voltage Varep which is obtained from the dc link at the input of the inverter. 
The comparator output is a voltage error signal which along with the rate of change of the error signal is fed 
to the ANFIS controller. The output of ANFIS controller is used to modify the modulation index of 
the SPWM generation unit. 





ANFIS-SRF Controller 


Figure 2. Circuit description 


3. CONTROLLER DESIGN 

The three phase VSI offers three degrees of freedom which are (a) the modulation index; (b) 
the phase angle; and (c) the frequency. In this work we are interested in developing a single phase standalone 
system in which our main concern is the modulation index. In the proposed ANFIS controller, there are two 
input variables and one output variable. Error (Err) and the rate of Change of Error (CErr) derived from 
the measured voltage signal at the point of common coupling as shown in Figure 3, are selected as the input 
variables while the output variable is the required control signal for adjusting the width of the sinusoidal 
pulses, by varying the modulation index. 


Vd 


FIS | —_» 
Vdref 

















Figure 3. Input and output structure of Fuzzy Inference System (FIS) 


Here, (1-2) 
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Err = Virer — Va (1) 
CErr = Err — “Er (2) 


The adaptive neuro fuzzy hybrid system offers the advantageous common features of both 
the techniques and the fuzzy logic system. The present work uses following steps to develop the controller. 
Firstly, an FIS is developed with five membership functions for each of the two inputs and an output. 
The system is then made to run and the error data set, change in the error data set and the data set of 
the corresponding output from the controller is sent to the MATLAB work space. In the next step, the ANFIS 
is invoked and with work space dataset, it is trained. 

The neural network is used to generate the new membership functions for the ANFIS controller. 
The newly trained and developed ANFIS is now used in place of FIS controller. The system is again made to 
run and the process of collecting the dataset is repeated and ANFIS is re trained using inbuilt back 
propagation optimization method. The newly trained system is checked and validated for the inputs and 
output and is put to service. The initially designed FIS is inputted with the error signal ‘Err’ and the rate of 
change of error ‘CErr’ are each sectored for 5 degrees of membership functions as shown in (3-4). 


Err = {Eni Ens, Ez, Eps, EpL} (3) 
CErr = {CEyy,, CEys, CE7, CEps, CEpL} (4) 


The range of the Err is from {0-150} where excess 0.5 unit is kept to accommodate the over voltage 
effect. Similarly, the range of second input variable CErr is from {-2 to +2}. The output variable ‘MI’ of 
the controller has 5 linguistic variables or membership functions as shown in (5), 1.e. 


MI = {MINL MIys, MIz, MIps, MIp,} (5) 


Triangular membership functions are chosen on account of its feasible presentation and effective 
result in present particular case. The fuzzy rules for the FIS controller is tabulated as shown in Table 1. It is 
a five cross five rule matrix with linguistics named as NL-negative large, NS-negative small, Z-zero, 
PS-positive small, PL-positive large. The membership functions are so selected and arranged to have 
a control output which should maintain the voltage within prescribed limits under all loading conditions. 


Table 1. FIS Rules for Voltage Control 


MI 
Enz Ens Ez Eps Ep, 


CEy,  MlIy,  MIy, MIy, MIys MI; 
CEys  MlIy,  MIy, MIys Mi; Mls 
CErr CE, MIy,  MIys MI,  MIps Mir 
CE xs MIys MI,  MIps  MIp, = MIp, 
CEs MI, Mlp, Mlp, Mi, MI, 


3.1. Neural network for generating fuzzy inference system 

The neural network is the integral part of the ANFIS. The ANFIS is trained with dataset produced 
by the preliminary developed FIS. The neural network next generates the new FIS and this ANFIS is placed 
in the control system for further interaction with system. The neural network avoids the repetition in tuning 
and is adaptable to variation in the system parameters through self-adjusting property. The neurons are 
an important part of the neural network which does all the mathematical computational work. Weights and 
bases with threshold values and reference values help in modification of the input parameters. The learning 
of the ANFIS is the supervised learning which incorporated backpropagation of error with each epoch (fixed 
time interval). The ANFIS structure is shown in the Figure 4. Training of the network is an essential step for 
selection of the appropriate rules for generating a control signal. Figure 5, shows the ANFIS structure with 5 
interconnected network layers described as follows. 
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Figure 4. Block representation of VSI system with controller 












Layer 1(l = 1) this layer is the input layer which consist of input membership functions (MEFs), viz., 
Err and CErr. The input layer 1 is a layer with two nodes that supplies the input values to the next layer. 
The membership function is specified by (6): 
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Triangle(x; p,q,r) = BE (6) 
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Figure 5. ANFIS Structure 


The above equation can also be represented by (7) using min and max expression. 


Triangle(x; p, q,r) = max (min Ge =) , 0) (7) 


Here the {p, q, r} 1s the parameter set where r>q>p forms the three vertices of the triangular membership 
functions. Every node which belongs to this layer has an adaptive feature. The node function associated with 
the response of the node can be represented as shown in (8-9): 

Rin = Og, (Er), forn = 1to5 (8) 

Rin = ace (CEr), forn = 6to 10 (9) 


here, l = layer number; n = node number; a = membership function 

Layer 2 (l = 2) this layer, known as membership layer, checks the weights of each MF. It receives 
the input values from 1* layer and acts as MFs to represent the fuzzy sets of the respective input variables. 
The output of every node (which is a fixed node) in this layer is the product of all incoming signals to 
the particular node. The output can be represented as shown in (10): 


Rin = Wn = Og, (Er) X acg (CEr), forn = 1,2,.. (10) 


Each node output represents the strength of firing of a rule. 
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Layer 3 (l = 3) this layer executes the following function for pre-processing of the fuzzy rules, like 
they calculate the triggering level of each rule, the number of layers and the number of fuzzy rules being 
equal. Each node of this layer evaluates the normalized weights. The n® node calculates the ratio of nth rule’s 
triggering strength to the sum of firing strengths of all the rules as shown in (11). 


Wn 


Rin = Whi = 





(11) 


The output of this layer is called normalized firing strengths. 

Layer 4 (l =4) this layer delivers the output values ensuing from the implication of rules. 
Connections between the layers 13 and 14 are weighted by the fuzzy singletons that represent another set of 
parameters for the neuro-fuzzy network. Every node in this layer is an adaptive node with a node function as 
shown in (12): 


Ran = WaFn = Wa(SnEr + TaCEr + Uy) (12) 


Where, W, is a normalized firing strength from layer 3 and {S,,7,,U,,} are the consequent parameter set of 
this node. 
Layer 5 (l = 5) this layer is called the output layer, which computes the overall output as 
the summation of all the inputs coming from layer 4 and transforms the fuzzy classification results into a 
crisp (binary). The output of each node in the layer can be defined by (13): 
— 2nWnFn 


Rs n = YW, Fa = EnWp (13) 


Artificial Neural Network, possesses the ability of strong learning while the Fuzzy logic is capable 
of interpreting the control data and integrate with the knowledge base. The hybridization of the two schemes 
is known to be the adaptive neuro fuzzy inference system ANFIS, that utilizes the merits of both the systems. 


4. SIMULATION RESULTS AND DISCUSSIONS 
The proposed ANFIS controller backed by SRF modulation is implemented in Matlab/Simulink and 
the system parameters are as shown in Table 2. 


Table 2. Simulation Parameters 


DC Source Solar PV Panel: Vout= 50V; Irradiation-1000W/m7; Temp=25°C. UC Bank: 50V 
DC-DC Converter Vout=200V(dc); Duty Ratio, 5=0.62; Carrier Frequency SPWM, fc=10kHz; Line inductor, 
For PV and UC L=15uH; DC Link, C=22uF 
DCAC inverter Vout=200V (ac); Carrier Frequency, fc=10kHz; SPWM Frequency of modulating signal, 
fm=50Hz 
Filter L;=5.2mH ; C= 67uF 
Load L1 = 4KW; L2 = 8KW;; L3 = 12KW; L4 = 15KW 


The results obtained from simulation indicates the efficient working of the proposed control scheme. 
Figure 6 shows the simulation results of load voltage V, load current I with the voltage waveform before 
filter unit. Different loads are applied at the simulation time of 0.1 sec., 0.2 sec., 0.3 sec. The loads are 
sequentially increased as can be observed by the waveform of current which is increasing every time as 
the load is being changed. The controller maintains constant voltage across the load of 200V. Controller is 
also accommodating the effects of transients at the instants of switching hence rendering the system 
dynamically stable. The controller output is the function of the modulation index (MI) and from 
the combined waveform it can be observed that as the load is increasing the controller is changing 
the modulation index so as to maintain the voltage at the load terminals constant. 

Since the time varying (sinusoidal) signals are rather difficult to control than the time in-varying 
(dc) signals hence in the proposed scheme a single phase ab0 to dq0 transformation block is used to convert 
ac signal into its dc equivalent the method of transformation is based on the Park’s transformation method. 
Figure 7 shows the simulation result of the direct and quadrature axis load voltage and current wave forms. 
It is evident from the waveform that it is easy for the controller to detect the changes taking place in Va and Ig 
on account of varying the load. 
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Figure 7. d and q axis voltage and current waveforms post ANFIS training 
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The FFT analysis of the waveforms presented in Figures 8 and 9 give the information of the total 
harmonic distortion present in the load voltage and current waveforms is about 1.05% which is within 
the acceptable limit as per the power quality norms. 


Signal 


Signal mag. 


FFT analysis 


Mag (% of Fundamental) 





Available signals 


Selected signal: 30 cycles. FFT window (in red): 4 cycles Refresh 


Name: op 


Input: input 3 


ñ AARAM 
AAAA \ 
VVYVVV W 


Signal number 4 


Displav: @ Signal 
©) FFT windo... 
0.1 


0.2 0.6 


FFT settings 
Start time (s): 0.26 


Number of cycles:4 
Fundamental (50Hz) = 96.26 , THD= 1.05% 
Fundamental frequency (H50 


Max frequency (Hz) 1000 


Max frequency for THD computation: 


vw 


Nyquist frequency 


aa Display style: 


Bar (relative to fundamental) v 


Base value: 1.0 


200 400 600 


Frequency (Hz) 


800 1000 


Frequency Hertz 


Display Close 


Figure 8. Load current FFT 
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Figure 9. Load voltage FFT 


5. CONCLUSION 

The present work proposes an ANFIS controller for maintaining the load terminal voltage of a VSI, 
employed to a stand-alone PV power system, within the prescribed limits (essentially constant) under 
different load changing circumstances. As compared with the various effective controllers like PID 
controller, the neuro-fuzzy based controller has resulted in maintaining the load terminal voltage constant 
under varying load circumstances and hence ensuring the steady state and dynamic stability. The results 
obtained from experimental setup developed for investigating the performance of the controller have also 
validated the success of the controller operation in comparison with the PI controller. The advantages of 
the proposed converter are its time saving feature and the control methodology not involving complex 
mathematical procedure. 
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